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Investigating the Effects of a Cardiotoxic Drug on Calcium Homeostasis in
the Heart
Fleur E. Mason1, David A. Eisner1, Michael J. Morton2,
Christopher E. Pollard2, Andrew W. Trafford1.
1Manchester University, Manchester, United Kingdom, 2AstraZeneca,
Macclesfield, United Kingdom.
Contractile dysfunction and arrhythmogenic activity can arise if there are per-
turbations to calcium (Ca) homeostasis in the heart, such as in response to car-
diotoxic substances. This investigation focuses on changes in cellular Ca
homeostasis in response to the acute application of the cardiotoxic drug Cloza-
pine (an atypical anti-psychotic).
Rat ventricular myocytes were isolated and stimulated under voltage clamp
control. Various parameters of Ca handling were measured both in control
conditions and in the presence of 10 mM clozapine. Ca-sensitive indicators
fluo3-AM or fura-2 were used to quantify cytosolic Ca. Sarcoplasmic retic-
ulum (SR) Ca content was measured by applying 10 mM caffeine. Activity
of Ca extrusion mechanisms (SERCA - sarco-endoplasmic reticulum ATP-
ase, NCX - sodium-calcium exchanger) were calculated from Ca transient
decay rates. The current-voltage (I-V) relationship of the L-type Ca channel
was also measured.
Acute application of clozapine significantly reduced mean Ca transient ampli-
tude by 48% and L-type Ca current (ICaL) density by 50%. SR content was de-
creased by 18 % and SERCA activity (rate constant) was reduced by 34 %.
NCX rate constant was reduced by 17%. The effect of clozapine on SERCA
was also present in phospholamban knockout myocytes suggesting that the ef-
fect on SERCA is not dependent on phospholamban.
It remains unclear if or how the observed effects on Ca handling contrib-
ute to the cardiotoxicity of clozapine observed in the clinical setting (ar-
rhythmogenesis and myocarditis). We speculate that effects on ICaL may
predispose to refractory heterogeneity and reduced SERCA activity may
increase the chance for Ca wave propagation. Current work focuses on
effects of clozapine on calcium spark activity and SR threshold for Ca
waves.
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Redox Modification of Ryanodine Receptors underlies Abnormal Calcium
Handling in Aging Rabbit Hearts
Leroy L. Cooper1,2, Yi Chun Lu2, Jason Centracchio2, Radmila Terentyeva2,
Dmitry Terentyev2, Gideon Koren1,2.
1Department of Molecular Pharmacology, Physiology and Biotechnology,
Brown University, Providence, RI, USA, 2Cardiovascular Research Center,
Division of Cardiology, Rhode Island Hospital, Warren Alpert Medical
School of Brown University, Providence, RI, USA.
Aging alters the electrical activity of the heart and provides a pro-arrhythmic
substrate that increases the risk of arrhythmia and sudden cardiac death
(Cooper et al. 2012). Although it is known that aberrant calcium dynamics
may be a source of electrical abnormalities, the underlying mechanisms
that affect age-associated alterations in triggered activity remain unclear.
In the present study, we used ventricular myocytes isolated from young
(5-9 months) and old (4-5 years) rabbit hearts to test the hypothesis that
changes in Ca2þ homeostasis are caused by post-translational modification
of ryanodine receptors (RyRs) caused by increased production of reactive
oxygen species (ROS) in the aging heart. Changes in parameters of Ca2þ
handling were determined by measuring cytosolic and intra-sarcoplasmic re-
ticulum (SR) Ca2þ dynamics in intact and permeabilized ventricular myo-
cytes using confocal microscopy. Aging did not change SERCA activity
and spark frequency but decreased spark amplitude and SR Ca2þ content
in permeabilized cells, suggesting an increased activity of RyRs. Under stim-
ulation withb-adrenergic agonist isoproterenol, Ca2þ transient amplitude, SR
Ca2þ load, and latency of pro-arrhythmic spontaneous Ca2þ waves (SCWs)
were decreased in cardiomyocytes derived from old rabbits; whereas, the rate
of ROS production was increased. Treatment with the antioxidant DTT at-
tenuated RyR-mediated SR Ca leak in aged permeabilized myocytes to
levels comparable to young. Moreover, pretreatment with the
mitochondria-specific ROS scavenger mito-TEMPO ablated SCWs in
isoproterenol-treated old cardiomyocytes to levels comparable to young.
This data suggests that increased rate of ROS production by mitochondria
lead to the thiol-oxidation of RyRs, which underlies the hyperactivity of
RyRs and thereby shortened refractoriness of Ca2þ release in cardiomyo-
cytes from the aging heart. This mechanism likely plays an important role
in the increased risk of arrhythmia and sudden cardiac death in the aging
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Dantrolene Prevents Spontaneous Calcium Waves in Cardiac Myocytes
from Aged Mice
Timothy L. Domeier, Steven S. Segal.
University of Missouri, Columbia, MO, USA.
Contractile dysfunction in the aged heart reflects abnormalities in intracellular
cycling of Ca through the sarcoplasmic reticulum (SR). Dantrolene exerts an-
tiarrhythmic effects on cardiac myocytes from animal models of heart failure,
presumably by preventing spontaneous diastolic Ca release through ryanodine
receptor channels. In this study we tested the hypothesis that dantrolene pre-
vents diastolic Ca release in the Aged myocardium. Left-ventricular myocytes
isolated from Young (3-4 month) and Aged (24-26 month) C57BL/6 male mice
were loaded with the Ca indicator fluo-4/AM and exposed to elevated extracel-
lular Ca (10 mM) to induce spontaneous Ca waves. Ca waves were observed at
similar frequencies in Aged (10.2 5 1.7 waves/min) and Young (8.7 5 2.7
waves/min), yet waves in Aged were of smaller amplitude (F/Fo = 3.95 0.5
Aged versus 6.0 5 0.3 Young, P<0.05) and occurred at a lower threshold
SR Ca content as assessed by application of 10 mM caffeine (F/Fo,Caffeine=
4.8 5 0.4 Aged versus 7.4 5 0.2 Young, P<0.05). Dantrolene treatment
(1 mM, 5 min) in Aged decreased wave frequency (to 7.3 5 1.7 waves/min,
P<0.05), increased wave amplitude (to F/Fo= 5.0 5 0.5, P<0.05), and in-
creased threshold SR Ca content (to F/Fo,Caffeine= 6.1 5 0.4, P<0.05) but
had no effect in Young. Dantrolene had no effect on the amplitude of action-
potential induced Ca transients (0.5 Hz, 2 mM extracellular Ca) in Aged or
Young. Thus, dantrolene can have beneficial effects on Ca cycling in Aged
cardiomyocytes which may prove useful in treating cardiac dysfunction
commonly associated with advancing age. (Support: NIH K01AG041208,
RO1HL086483).
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An Assessment of CalciumHandling and Cardiovascular Drug-Profiling in
Cytiva Embryonic Stem-Cell Derived Cardiomyocytes
Kimberley J. Lewis1, Christopher Pepper2, Christopher H. George1.
1Wales Heart Research Institute & Institute of Molecular and Experimental
Medicine, Cardiff University, Cardiff, United Kingdom, 2Institute of Cancer
and Genetics, Cardiff University, Cardiff, United Kingdom.
There is momentum towards using stem cell-derived cardiomyocytes (SCCM)
to assess the safety and efficacy of cardiovascular (CV) drugs in early-phase
development. However, issues of phenotypic heterogeneity and functional mat-
uration impact on the utility of SCCM in CV drug development pathways. We
used confocal imaging and our SALVO framework to profile spontaneous and
field-stimulated Ca2þ handling and oscillatory behaviour in GE Healthcare’s
SCCM (CytivaTM). Cytiva were supplied as a heterogeneous cell population
(47.5 5 13.7% CMs, n=5 batches) and the proportion of cells that exhibited
spontaneous Ca2þ oscillations correlated with cardiac troponin-T (cTNT) pos-
itive staining (CMs). In heterogeneous populations spontaneous Ca2þ oscilla-
tions in CMs exhibited significant batch-to-batch variability and were
predominantly characterised by slow release and prolonged decay kinetics. In-
tercellular synchronization of Ca2þ release did not require physical cell-to-cell
contact and was independent of the plating density and the local non-CM pop-
ulation. The amplitude and temporal patterning of spontaneous Ca2þ release in
CMs became progressively disorganized beyond day 7 and we did not observe
functional maturation of CMs in culture over 21 days. Ca2þ handling in those
CMs exhibiting spontaneous oscillations could be positively modulated by field
stimulation which improved amplitude and kinetic parameters of Ca2þ release
and decay. Enrichment of CMs (>1.8-fold) using affinity methods directed at
the cell-surface signal regulatory protein alpha (SIRPa) improved spontaneous
Ca2þ handling possibly indicating a negative role of non-CMs in the heteroge-
neous population. Data will be presented on the concentration-response profil-
ing of experimental and clinically-licensed cardioactive drugs using these
SCCMs.
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Mitochondria-Derived Ros Disturb Ca2D Cycling and Evoke Abnormal
Action Potentials in Guinea-Pig Ventricular Myocytes: A Theoretical
Study
Di Su1, Steven M. Pogwizd1, Brian O’Rourke2, Lufang Zhou1.
1University of Alabama at Birmingham, Birmingham, AL, USA, 2The Johns
Hopkins University, Baltimore, MD, USA.
Abnormal Ca2þ handling often results in contractile dysfunction and ventricu-
lar arrhythmias, the leading causes of sudden cardiac death. However, in spite
of extensive efforts, the molecular mechanisms underlying disturbance of Ca2þ
cycling are not completely understood, hindering the development of effective
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creased mitochondrial reactive oxygen species (ROS) production is also ob-
served in the diseased heart. Since mitochondria are in close proximity to the
redox-sensitive sarcoplasmic reticulum (SR) Ca2þ release channels (ryanodine
receptors, RyRs) and the SR Ca2þ ATPase (SERCA), mitochondria-derived
ROS could play a crucial role in modulating Ca2þ cycling under pathological
conditions. Previous work has shown that mitochondrial depolarization and
ROS-induced ROS release significantly enhance spontaneous SR Ca2þ release
(Ca2þ spark frequency) in resting myocytes, but the role of mitochondria-
derived ROS on Ca2þ dynamics and action potentials in paced cardiac
myocytes has not been examined. We hypothesize that the pathological mito-
chondrial ROS burst forms a ROS microdomain between mitochondria and SR,
altering the proximal SR Ca2þ handling channels and consequently leading to
disturbed Ca2þ cycling and abnormal electrical activity. To test this hypothesis,
we developed a new multiscale myocyte model that incorporates mitochondria
and local Ca2þ control, and links RyRs and SERCA to the ROS environment
surrounding the SR. The simulations show that the mitochondria-derived
ROS burst stimulates RyRs and inhibits SERCA, inducing a cytosolic Ca2þ
([Ca2þ]i) transient. This extra [Ca2þ]i transient activates the Naþ/Ca2þ ex-
changer and Ca2þ-sensitive nonspecific cationic channels, forming a transient
inward current (Iti) that evokes early or delayed afterdepolarizations. This
study defines the role of mitochondria-derived ROS in Ca2þ overload-
mediated ventricular arrhythmias, and underscores the importance of consider-
ing mitochondrial targets in designing new antiarrhythmic drugs in the context
of sudden cardiac death.
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Mitochondrial Ca2D Dynamics in the Heart
Liron Boyman1, George S.B. Williams1,2, Ramzi J. Khairallah1,3,
Aristide Chikando1,2, Brian M. Hagen1, Sarah Kettlewell4,
Godfrey L. Smith4, W. Jonathan Lederer1.
1University of Maryland, Baltimore, MD, USA, 2George Mason University,
Manassas, VA, USA, 3Loyola University Chicago, Chicago, IL, USA,
4University of Glasgow, Glasgow, United Kingdom.
Compelling reports suggest that during an intracellular [Ca2þ]i transient a large
influx of Ca2þ enters the mitochondrial matrix and that this influx is followed
by an equally enormous Ca2þ efflux. These Ca2þ fluxes underlie a dramatic in-
crease and then decrease in matrix free Ca2þ, [Ca2þ]mito Yet, other equally
compelling investigations suggest that small fluxes occur with little or no meas-
ureable changes. Here we take advantage of the high temporal and spatial res-
olution of confocal microscopy imaging to examine this question in primary
cultures of rat and rabbit ventricular cardiomyocytes (48 hours). Using a mito-
chondrially targeted Ca2þ-sensitive fluorescent protein ‘‘Mitycam’’, we exam-
ined the time course of the changes in [Ca2þ]mito in isolated ventricular
myocytes.
Additionally, we have examined isolated Mitycam-containing mitochondria to
investigate the rapidity of the kinetics of the changes in [Ca2þ]mito as measured
by Mitycam in response to changes in extra-mitochondrial [Ca2þ] (0 to
100uM). The measured changes in [Ca2þ]mito occurred within milliseconds.
We therefore conclude that Mitycam (which co-localizes with mitochondrial-
specific markers such as MitoTracker red), is not rate-limiting when it reports
changes in [Ca2þ]mito of ~1 s ) in intact (i.e. non-permeabilized) cardiac ven-
tricular myocytes where a large change in cytosolic [Ca2þ]i (from ~100 nM
to ~10 uM) following caffeine (10 mM) application. However, in these same
cells, physiologic [Ca2þ]i transients produced no significant measureable in-
crease in [Ca2þ]mito in a beat-to-beat manner. They do, however, report modest
time-averaged changes in [Ca2þ]mito following changes in heart rate. These
observations suggest that [Ca2þ]mito responds to changes in [Ca
2þ]i like
a low-pass-filter.
We conclude that the cardiac [Ca2þ]i transient does not significantly change
[Ca2þ]mito in cardiac myocytes in a beat-to-beat manner but slowly influences
the time-averaged [Ca2þ]mito signal.
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Mitochondrial Calcium Uptake: Context Matters
George S.B. Williams1,2, Liron Boyman1, Aristide C. Chikando1,
Ramzi J. Khairallah3,1, W Jonathan Lederer1.
1University of Maryland, Baltimore, Baltimore, MD, USA, 2George Mason
University, Fairfax, VA, USA, 3Loyola University Chicago, Stritch School of
Medicine, Chicago, IL, USA.
Mitochondrial calcium (Ca2þ) fluxes regulate ATP generation, contribute to the
regulation of apoptosis, and when very large can play a role in buffering
changes in intracellular Ca2þ concentration ([Ca2þ]i). However, fundamental
disagreements on the extent and speed of Ca2þ uptake by mitochondria have
been reported. The reliability and consistency mitochondrial Ca2þ uptake mea-surements is consequently critical for our understanding of cell biology and pa-
thology in cells from all tissue including heart, neurons, and kidney.
Importantly, measurement of Ca2þ movement across the inner mitochondrial
membrane (IMM) has been dramatically enhanced by the molecular identifica-
tion of the mitochondrial Ca2þ uniporter (MCU) and the mitochondrial Naþ/
Ca2þ exchanger (NCLX). First, we quantitatively analyze cardiac mitochon-
drial Ca2þ uptake experiments from the literature. We then interpret the results
with respect to measurements conducted on recent MCU candidates which sug-
gest that the conductance of a single MCU is ~6-7 pS (in 105 mM [Ca2þ]). Our
quantitative analysis suggests three clear findings: 1. Under physiological con-
ditions, Ca2þ influx into mitochondria is small and is dwarfed by other cyto-
solic Ca2þ extrusion pathways; 2. MCU-dependent Ca2þ uptake appears to
be dependent on [Ca2þ]i under physiological conditions; 3. There appear to
be hundreds of MCU channels per mitochondrion but they are predominantly
closed under physiological conditions. We conclude that under physiological
conditions mitochondria do not act as a significant Ca2þ buffers in heart despite
being capable of substantial Ca2þ accumulation if non-physiological conditions
favor prolonged levels of high extra-mitochondrial [Ca2þ].
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Lamotrigine Increases Intracellular Calcium Levels and Camkii
Activation in Mouse Dorsal Root Ganglion Neurons
Dawon Kang, Ji Hyeon Ryu, Eun-Jin Kim, Jaehee Han.
Gyeongsang National University, Jinju, Korea, Republic of.
Lamotrigine is a neuroprotective agent that is used clinically for the treatment
of seizures and neuropathic pain. A significant volume of literature has reported
that lamotrigine exerts analgesic effect by blocking Ca2þ channels. However,
little is known regarding the effect of lamotrigine on the intracellular Ca2þ con-
centration ([Ca2þ]i). The aim of this study was to determine whether lamotri-
gine modulates [Ca2þ]i in sensory neurons. Lamotrigine-induced changes in
[Ca2þ]i were measured in mouse dorsal root ganglia (DRG) neurons using
the Ca2þ-sensitive fluorescent indicator Fluo 3-AM and a confocal laser scan-
ning microscope. Ca2þ/calmodulin-dependent kinase II (CaMKII) activation
was assessed by fluorescence intensity using immunocytochemical procedures.
Treatment with 1, 10, 30, or 100 mM lamotrigine transiently increased [Ca2þ]i
in DRG neurons in a dose-dependent manner. Treatment with 100 mM lamotri-
gine induced a significant (three-fold) increase in the Ca2þ peak in the presence
or absence of extracellular Ca2þ. The lamotrigine-induced Ca2þ increase was
abolished or decreased by treatment with a specific PLC inhibitor (U73122),
IP3R antagonist (xestospongin C), or RyR antagonist (dantrolene). In some
cells, treatment with 100 mM lamotrigine caused a transient Ca2þ increase,
and the Ca2þ levels quickly fell to below the basal Ca2þ level observed prior
to lamotrigine application. The decrease in basal Ca2þ levels was blocked by
treatment with a CaMKII inhibitor (KN93). Immunocytochemical analysis in-
dicated that lamotrigine treatment increased the expression of phosphorylated
CaMKII in DRG neurons.
Treatment with lamotrigine increased [Ca2þ]i apparently as a result of Ca
2þ re-
lease from intracellular stores and CaMKII activity.
Key words: Calcium, Ca2þ/calmodulin-dependent kinase II, Dorsal Root Gan-
glia, Lamotrigine
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Calcium Buffering in the Nerve Terminals of the Posterior Pituitary
Shane M. McMahon, Meyer B. Jackson.
University of Wisconsin - Madison, Madison, WI, USA.
Nerve terminals possess a variety ofmechanisms to regulate Ca2þ signaling, and
these mechanisms in turn provide a variety of avenues for regulating exocytosis
and neurosecretion. Endogenous Ca2þ buffers are important Ca2þ regulating
molecules that can have an especially profound influence on the spatiotemporal
dynamics of intracellular Ca2þ signals. These proteins rapidly bind free Ca2þ
within several hundred nanometers of open Ca2þ channels, limiting the rise
of free Ca2þ in the nerve terminal and restricting its spatial spread. Ca2þ seques-
tration and extrusion mechanisms subsequently act to restore resting levels of
free Ca2þ. By modulating Ca2þ, these Ca2þ buffering, sequestration and extru-
sion mechanisms play an important role in regulation Ca2þ dependent exocyto-
sis. In the present work, intracellular Ca2þ signaling in the peptidergic nerve
terminals of the rat posterior pituitary was investigated using two-photon fluo-
rescence imaging with the Ca2þ-sensitive fluorescent dye fluo-8. Ca2þ imaging
together with simultaneous measurement of Ca2þ current by patch clamp re-
cording provided a direct assessment of the cytoplasmic Ca2þ buffering capac-
ity. These experiments showed that the cytoplasmic Ca2þ buffering capacity
declined as cytosolic [Ca2þ] rose, and thus indicated that the Ca2þ dye and en-
dogenous buffers saturated in the range of [Ca2þ] studied. These data were in-
terpreted using a model for the [Ca2þ] dependence of buffering capacity that
takes binding site saturation into account. This analysis yielded values for Kd
